The cyanogenic polymorphism in white clover is controlled by alleles of two independently segregating loci. Biochemical studies have shown that non-functional alleles of the Ac locus, which controls the level of cyanoglucoside produced in leaf tissue, result in the loss of several steps in the biosynthetic pathway. Alleles of the Li locus control the synthesis of the hydrolytic enzyme, linamarase, which is responsible for HCN release following tissue damage. Studies on the selective forces and the distribution of the cyanogenic morphs of white clover are discussed in relation to the quantitative variation in cyanogenesis revealed by biochemical studies. Molecular studies reveal considerable restriction fragment length polymorphism for linamarase homologous genes.
Introduction
The term cyanogenesis describes the release of hydrocyanic acid (HCN), which occurs when the tissues of some plant species are damaged. The first report of cyanogenesis in Trifolium repens (white clover) was by Mirande (1912) and this was shortly followed by a paper which demonstrated that the species was polymorphic for the character, with both cyanogenic and acyanogenic plants occurring in the same population (Armstrong et at., 1913) . Since these reports, this polymorphism has been the subject of a large number of ecological studies. Field studies, dating back to 1954, have investigated the distribution of the two morphs and both field and experimental studies have investigated the nature of the selective forces responsible for maintaining the polymorphism in this species. This experimental system provides one of the few examples of a simply inherited, biochemical difference that is known in higher plants. Modified dihybrid Mendelian segregation ratios, in progeny scored for the production of HCN, were demonstrated in the 1940s. More recently the morphs have been characterized biochemically and molecular studies, which will elucidate the nature of the allelic differences responsible for the polymorphism, are in progress. These studies provide information at the molecular level about genetic differences which have been subject to selection and which may be complex.
The cyanogenic polymorphism in white clover is thus the subject of studies that range from molecular 105 genetics to plant taxomony. This review discusses the extensive and diverse ecological genetic studies in relation to the more recent biochemical and molecular studies of cyanogenesis in white clover.
Biochemistry
The production of HCN by higher plants depends upon the co-occurrence of a cyanogenic glycoside and catabolic enzymes. In white clover, two related cyanoglucosides are produced, 1 -cyano-1 -methylethyl fl-Dglucopyranoside (linamarin) and R-1-cyano-1-methylpropyl /3-D-glucopyranoside (lotaustralin). These cyanoglucosides are also found in cassava (Manihot The primary precursors of all plant cyanoglycosides investigated are restricted to the five hydrophobic protein amino acids and one non-protein amino acid. In white clover, the amino acids, valine and isoleucine, are precursors of the two related cyanoglucosides. The biosynthetic pathway ( Fig. 1 ) follows the general pattern found for all cyanoglucosides studied (Hughes & Conn, 1976; Collinge & Hughes, 1982a) . The steps from amino acid to hydroxynitrile are carried out by a microsomal system and are metabolically channelled, whereas the last step is carried out by a soluble enzyme, UDP-glucosyltransferase (Hahlbrock & Conn, 1971) . Recent work by Halkier eta!. (1989) has shown in white clover (Carvaiho, 1981) but the enzyme has not been studied in detail. The importance of hydroxynitrilase activity for rapid HCN production has, however, been shown in Hevea brasiliensis (Selmar et aL, 1989) . The cyanogenic j3-glucosidase (linamarase) of white clover is a homodimer with a subunit molecular mass of 62,000 Mr. It is the major soluble high-mannose asparagine-linked glycoprotein in young leaves, where it can represent up to 5 per cent of the total soluble protein (Hughes & Dunn, 1982) . The antibiotic, tunicamycin, prevents linamarase synthesis but no precursor polypeptides have been found in vivo. In vitro translation of young leaf mRNA produces a major 59,000 Mr polypeptide, which is recognized by affinity-purified linamarase antibodies and processed by dog pancreas microsomes to a 62,000 Mr protein . Although the glycosylation of linamarase is clearly demonstrated by these results, the possibility of proteolytic processing remains unresolved.
Kinetic studies show that linamarase will hydrolyse a number of synthetic glycosides and that the carbohydrate moiety of each substrate attaches to the same binding site at the active centre (Pocsi eta!., 1989) . It is the aglycone and the angular arrangement around the glycosidic linkage which are the major determinants in substrate specificity.
In white clover both the cyanogenic glucosides and linamarase have been shown to be produced during shoot growth (Hughes, 1968; Collinge & Hughes, 1982b; Dunn et al., 1988) . The roots, flowers, seeds and seedlings before shoot emergence are not cyanogenic (Ware, 1925; Collinge & Hughes, 1982b that the pathway shown in Fig. 1 In white clover, one set of microsomal enzymes is responsible for the biosynthesis of both hydroxynitrile intermediates from the amino acid precursors, valine and isoleucine (Collinge & Hughes, 1984) . It has also been demonstrated that, in flax, one soluble glycosyltransferase is responsible for the production of both glucosides (Hahibrock & Conn, 1971) .
In general, cyanogenic glucosides are broken down by sequential hydrolysis (Poulton, 1988) . Firstly, a 3-glucosidase (linamarase) cleaves off the glucose residue, the two hydroxynitriles produced in white clover are unstable at high pH, but an a-hydroxynitrile lyase has been characterized from cassava which Hughes , 1982b) . Not all species have the same developmental profile, for example, in cassava the roots are cyanogenic and in flax and rubber cyanoglycosides are stored as disaccharides in the seed (Poulton, 1988) .
Under normal growth conditions the tissues of a cyanogenic plant do not contain detectable HCN. This strongly suggests compartmentalization of the cyanoglucosides and the hydrolytic enzymes. Linamarase of white clover (Kakes, 1985) has been shown to be apoplastic and may be located in the epidermis. The tissue and subcellular localization of the cyanoglucosides in white clover are not known. Some variation in the test reaction for HCN within a single plant was noted by Rogers & Frykoim in 1937 ; the levels of HCN depending on the age of the leaf, the time of year and the size of the plant. The effect of the environment on cyanogenesis was studied by Collinge & Hughes (198 2b) who demonstrated a major effect of temperature on cyanoglucoside biosynthesis. This effect was not simple, plants differed both in their sensitivity to temperature changes and in the optimum temperature for synthesis. One plant varied from 0.85 p moles of glucoside per milligram of protein at 18°C to undetected levels at 27°C. Variation in the levels of HCN released during the growing season has been recorded by Askew (1933) , Fraser & Nowak (1988) and Vickery et al. (1987) , who showed that meristem stress, low light intensity, cool temperature and inadequate phosphorus all favour high HCN levels.
The mean effect of wilting was to increase HCN by 23 per cent on a dry weight basis.
Genetics
The inheritance of cyanogenesis in white clover was elucidated by a group working in New Zealand (Coop, 1940; Corkill, 1940; Melville and Doak, 1940; Corkill, 1942) . Corkill (1942) showed that the inheritance of cyanogenesis in white clover is diploid. Acyanogenic white clover plants fall into three phenotypic classes; those which lack the cyanoglucosides, those which lack linamarase and those which lack both the cyanoglucosides and linamarase. The presence or absence of the two cyanoglucosides is determined by alleles at the locus, Ac, whereas the presence or absence of linamarase is determined by alleles at the locus, Li. The cyanogenic phenotype requires the presence of a functional allele at both loci in the plant. The Ac and Li loci segregate independently of each other.
A number of biochemical studies have been carried out to characterize the non-functional alleles at these loci. Incomplete dominance at the biochemical level has been demonstrated for both Ac and Li (Hughes & Stirling, 1982; Maher & Hughes, 1973) Antibodies raised to purified linamarase have been used to quantify linamarase protein produced in plants of different genotype (Hughes et a!., 1985) . Plants homozygous for the recessive Ii allele contain no linamarase antigen, in addition liii plants produce no translatable linamarase mRNA .
Variant forms of white clover which produce reduced levels of linamarase activity have also been studied (Maher & Hughes, 1973; Hughes et aL, 1985) . The reduced levels of linamarase activity are due to reduced rates of synthesis of the enzyme in developing leaves and have been shown to be determined by a genetic element which lies within 4 map units of the Li locus (Hughes et a!., 1985) . Thus all the available evidence indicates that non-functional alleles at the Li locus result in reduced or zero synthesis of linamarase and have characteristics of mutations in a cis-acting regulatory region.
White clover plants possessing only the nonfunctional ac alleles, are unable to synthesize either linamarin or lotaustralin from radiolabelled valine and isoleucine (Hughes & Conn, 1976) . In vivo and in vitro labelling experiments have shown that ac ac plants have at least two steps in the converison of amino acid to hydroxynitrile missing from microsomal preparations (Hughes & Conn, 1976; Collinge & Hughes, 1982a) . In vivo studies have suggested that the predicted soluble fi-glucosyltransferase is also missing in ac ac plants (Hughes & Conn, 1976) .
There is considerable inherited variation in the level of cyanoglucoside produced in different plants. Analysis of cyanoglucoside levels in progeny from a fourgeneration backcross experiment has shown that most of the inherited variation is attributable to the existence of different functional Ac alleles in the parent plants (Hughes et a!., 1984) . No evidence for the presence in these plants of microsomes with different qualitative properties was found and the results were consistent with the production of different quantities of microsomes (Hughes eta!., 1984) .
There are several models for the nature of the Ac locus which would give rise to non-functional alleles with these characteristics. Thus the Ac locus may represent a number of linked structural genes for the cyanoglucoside biosynthetic pathway and the ac allele include mutations in at least three of these. An alternative model for the null ac alleles is that they represent mutations in a sequence which controls the synthesis of the enzymes for cyanoglucoside biosynthesis. The existence of Ac alleles, which results in reduced levels of cyanoglucoside, suggests a controlling role for the low HCN-producing plants. The results of crossing plants giving different picrate reactions (Table 1) indicated that the level of HCN produced was inherited. Corkill interpreted these results to indicate the presence of modifying genes, however, the existence of different functional Ac alleles, the probable existence of different functional Li alleles, and the intermediate HCN levels of heterozygotes, may account for these results.
Although the simple modified Mend elian diliybrid segregation ratios for alleles of the Ac and Li loci are widely observed, some authors report aberrant ratios (e.g. Till, 1987) . These are often observed when working with plants from wild populations rather than commercial cultivars and can sometimes be explained by the very low levels of HCN produced by some wild plants and the limits of detection of the tests used.
Molecular genetics
The biochemical difference between Li Li and liii plants has been used to select linamarase clones from white clover developing leaf cDNA libraries (Hughes et at., 1990) . The identity of the clones was established using hybrid select translation and immunoprecipitation of the polypeptide product. The linamarase cDNA clones have been used in a number of studies. Northern blot analysis of mRNA shows that high levels of a 2.1 kb molecule are produced in Li Li young leaves and very reduced levels seen in liii leaves and Li Li roots. Heterozygotes, (Li Ii) produced intermediate niRNA levels in young leaf tissue. The presence of low but measurable levels of linamarase homologous mRNA in Table 1 The quantitative inheritance of HCN production (after Corkil, 1941) (Hughes & Dunn, 1982; Collinge & Hughes, 1982a; Hughes et at., 1985; Kakes & Eettink, 1985) . Because small changes in the protein primary structure may result in major differences in the antigenic properties, it is possible for linamarase cDNA to show homology to a non-cyanogenic /3-glucosidase mRNA produced at low levels in these tissues. An alternative explanation is that linamarase mRNA is produced at a low level in these tissues, which is detectable by Northern blot analysis but not at the protein level.
The cDNA clones have also been used to analyse genomic DNA using Southern blot analysis (Hughes et at., 1990) . Considerable restriction fragment length polymorphism exists in white clover for genomic sequences homologous to linamarase cDNA (Fig. 3) . This polymorphism has been used to analyse the genomic organization of these sequences in the Li Li plant used as a source of mRNA for cloning (Hughes et at., 1990) . The studies show that the white clover genome contains three genes with homology to linamarase cDNA and that at least two of these genes segregate independently. Analysis of the co-segregation of linamarase activity and the presence of genomic restriction fragments identifies the genomic sequence specifying linamarase structure and indicates either a structural or cis-acting control function for the Li locus.
The existence of a small multigene family for linamarase is a paradox given the single diploid locus for linamarase activity reported widely in the literature. One model for the Li locus, which would be consistent with the data, is close linkage of the three structural genes. This is, however, refuted by the independent segregation of at least two of the genes. Two possible explanations for the paradox are, firstly, there may be inactive pseudogenes in the genome, and secondly, there may be homology between the linamarase gene and other /3-glucosidase genes.
Distribution
Daday published two papers in 1954 (Daday, 1954a,b) , which demonstrated a clear association between the frequency of cyanogenic morphs in natural populations of white clover and the mean January isotherm. The association is such that popula- 
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has been confirmed by Daday (1958) and a number of other workers (Table 2 ). In addition, Foulds & Grime (1972) showed a decreasing frequency of Ac with conditions of soil moisture stress (drought). Linkage disequilibrium has been demonstrated for the Ac and Li loci ( Table 2 ), indicating that it is the production of HCN which is the important character in determining the distribution of the alleles of these loci and, in fact, most workers have assumed that the release of HCN is the selectively important phenotype. Although the pattern of distribution demonstrated by Daday has been confirmed, the low rate of seedling recruitment in undisturbed populations (Turkington et al., 1979) means that it is difficult to observe changes in gene frequencies in natural populations. In addition there is evidence that T. repens can show strong local specialization (Gliddon & Trathan, 1985) and large differences in the local frequencies of Ac and Li have been detected in The Netherlands (Kakes, 1987) neutral or is subject to selection. The role of cyanogenesis in plants has been widely discussed (Jones, 1981) . The existence of the polymorphism argues against a role in primary metabolism and there is considerable evidence that HCN, liberated during tissue damage by small grazing animals, acts as a feeding deterrent (Table 3 ). In particular, there are eight reports of selection against the acyanogenic morph by molluscs. In two studies (Dirzo & Harper, 1982a; Kakes, 1989) it has been directly shown that both glucoside and hydrolytic enzyme are required for discriminatory feeding. However, the simple demonstration of selective grazing does not reveal the complexity of cyanogenesis as a plant defence reaction. Burgess & Ennos (1987) Three groups of Lepidoptera (the Zygaenidea, Heliconiini and Acraeinae) feed selectively on plants containing cyanoglucosides (Raubenheimer, 1989) . These insects release HCN when crushed and it has been shown (Nahrstedt & Davis, 1986 ) that in Zygaena trifolii the chemical basis of cyanogenesis is the cyanoglucosides, linamarin and lotaustralin. Interestingly, Z. trzfolii can both sequester these cyanoglucosides from the host plant and synthesize them de novo.
Clearly understanding selection in herbivore/plant systems also requires a study of the effect of the plant on the herbivore before a complete understanding can be achieved. Another indication of the complexity of cyanogenesis as a defence reaction is the demonstration by Lieberei et a!. (1989) that cyanogenesis in the rubber tree inhibits the active defence reaction of the plant to a fungal pathogen (Microcyelus ulei).
The striking association between the frequency of cyanogenic plants and the mean January isotherm suggests that a balancing environmental factor selects against the cyanogenic morph thus maintaining the polymorphism in white clover. However, compared with selection against the acyanogenic morph, there are fewer experimental and field studies of possible balanc- Table 4 Studies on selection for acyanogenic phenotype ing selection and the results of these studies are equivocal (Paim & Dean, 1975) (Table 4) . The only character which has been noted by more than one author, and which may provide a selective advantage to the acyanogenic morph, is flowering. In fact Caradus et a!. (1989) , in a classification of 109 white clover cultivars, also notes a significant trend for the highly cyanogenic cultivars to flower earlier but have a lower maximum number of flowers. Daday (1965) , in an experimental study, shows increased flower production of the ac ii phenotype in cool conditions compared to the cyanogenic (Ac Li) phenotype. Experimental data which demonstrate a selective advantage of the acyanogenic morph, based on the 'metabolic costs' of cyanogenesis, do not exist, neither is there any convincing data to demonstrate a differential effect of frost damage on the two morphs, although both factors have been widely discussed in the literature.
Despite the early demonstration of inherited quantitative variation in HCN production by Corkill (1942) and the later biochemical studies (Hughes et a!., 1984 (Hughes et a!., , 1985 very few of the ecological genetic studies of the cyanogenic polymorphism in white clover have examined HCN production quantitatively. Figure 4 (M. A. Hughes & R. A. Ennos, unpublished) Till ( phenotype, as would be expected from this explanation. The heterogeneic phenotype was also shown to be inherited, consistent with the demonstration of inheritance of different levels of cyanoglucoside (Hughes et at., 1984) .
Evolution
Several other species of Trifolium are cyanogenic (Table 5 ). These are all in the subsections Lotoidea and Platystylium of section Lotoidea of the genus Trifolium (Zohary & Heller, 1984) . glucoside only phenotype (Ac ii) and were selected using the picrate test (Corkill, 1940) .
Three species (T ambiguum, T. isthmocarpum, T montanum) have been shown to be polymorphic for either the presence of the glucoside or the hydrolytic enzyme. It is likely that all reports of the glucoside-only phenotype in a species, for example in T. occidentale, indicate polymorphism for the cyanogenic character, particularly given the small number of plants tested by each author. All the species that have been hybridized with T repens (Chen & Gibson, 1972; Gibson et al., 1972) are cyanogenic but there are three additional cyanogenic species not known to hybridize with T.
repens. The T. repens linamarase cDNA clone has been shown (M. A. Hughes & T. Carron, unpublished data) to have homology to genomic sequences in T nigrescens and T. isthmocarpum. It would be interesting to know the relationship of the linamarase genes in these species, as this may provide valuable information on speciation in the genus. The taxonomic significance of cyanogenesis in the genus Lotononis (Leguminosae) has been discussed by Van Wyk (1989) . In this genus basic groups are either cyanogenic or acyanogenic but some groups contain both cyanogenic and acyanogenic species. This feature of the distribution of cyanogenesis in Lotononis is similar to the pattern seen in Trifolium.
As the ability to produce HCN is correlated with morphological variation, further genetic and molecular information may provide evidence for the infrageneric classification of Trifolium.
Conclusion
The genetic units that control the cyanogenic polymorphism in white clover are complex and provide a model system for the study of the organization and control of plant genes which determine this type of metabolic process. The biochemical characterization of null alleles of both the Ac and Li locus is not complete, in particular the possible control of oxynitrilase activity by the Li locus is unknown and the individual proteins involved in cyanoglucoside biosynthesis have not been characterized. Using the polymorphism in a combination of molecular and genetic studies will elucidate fundamental information about the nature of these loci and the processes that they control.
The relationship between altitude and the distribution of the cyanogenic morph is clearly established, but many questions about the environmental and biological factors which determine this pattern of distribution are unresolved. The discriminatory feeding of moluscs on acyanogenic plants is well established, however, despite a considerable amount of research, there is no convincing consensus demonstration of any factor which selects against the acyanogenic morph. It is clear from the data shown in Figs 3 and 4 that there is considerable variation in the cyanogenic system of white clover which is not described by the simple test for the presence versus absence of HCN commonly used to detect and study the polymorphism. It is unlikely that a complete understanding of the distribution and maintenance of the cyanogenic polymorphism will be elucidated without consideration of the quantitative variation in HCN production. In addition, the ability to detect allelic differences at the DNA level, using restriction fragment polymorphisms, will provide further insight into the relationships of particular alleles and the ecogenetics of each cyanogenic morph.
A combination of ecogenetic and molecular studies may also resolve one unexplained feature of the genetic control of the cyanogenic polymorphism, namely the independent assortment of the Li and Ac loci.
